The phase behavior of [N 2222 ][BF 4 ] and [N 2222 ][PF 6 ] (N 2222 + = tetraethylammonium cation) binary systems has been investigated in the present study. Differential scanning calorimetry revealed that the crystal-to-plasticcrystal transition temperature decreases upon mixing the two salts, with a minimum at x([N 2222 ][PF 6 ]) = 0.4, where x([N 2222 ][PF 6 ]) denotes the molar fraction of [N 2222 ][PF 6 ]. Powder X-ray diffraction analysis indicated the formation of a solid solution with a rock-salt type structure in the plastic crystal phase at all ratios and the lattice parameter a changes according to Vegard's law. In the crystal phase, two solid solution phases based on the structures of the single salts are observed. Raman spectroscopy confirmed the changes in the solid-solid transition temperature as observed by differential scanning calorimetry. Consequently, in the resulting phase diagram, the solid solution is formed in a wide x([N 2222 ][PF 6 ]) range for both the crystal and plastic crystal phases. À .
Introduction
Organic salts are widely used as electrolytes in both aqueous and nonaqueous solutions due to their high electrochemical stabilities and high degrees of dissociation. 1 The liquid state of organic salts in the absence of solvent is known as ionic liquid and has applications in diverse fields that utilize their unique properties. [2] [3] [4] In the solid state, organic salts sometimes act as ion conductors by incorporating specific structures including globular or flexible frames, and ionic plastic crystals (IPCs) are examples of such ion conductors. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Ionic plastic crystals are characterized by the highly disordered structures of the component ions, and the determination of their crystal structures is generally difficult. 10, 13, [15] [16] [17] [18] Such disordered structures can lead to the loss of orientational order and result in a significantly small entropy change of melting. 19, 20 Organic salts usually have greater structural flexibility than simple inorganic salts due to the high structural freedom in a molecular ion, resulting in complicated intra-and intermolecular interactions.
High ionic conductivity and a wide temperature range are the requirements for the application of a plastic crystal phase as a solid-state electrolyte. Mixing two organic salts is an interesting strategy to attain this requirement, and potentially changes the structural and thermal properties of the framework of organic salts. This includes the lowering of the crystal-toplastic-crystal phase transition temperature and the enhancement of ion transport in the lattice. The structures of alkylammonium and alkylphosphonium salts change along with their phase transitions upon heating, which was investigated by various techniques like differential scanning calorimetry (DSC), X-ray diffraction (XRD), and nuclear magnetic resonance (NMR). 13, 15, 17, 18, [21] [22] [23] [24] [25] [26] [27] [28] [29] Our recent study of the tetraalkylammonium salts of BF 4 À and PF 6 À revealed that the structural type of their plastic crystal phases depends on the size of the cation, which follows the radius ratio rule. 30 , and PF 6 À ). Although their ionic conductivities were not high enough for application in electrochemical devices, these two salts of the same structural type can provide a good model to study the solid-solution behavior between alkylammonium salts. The formation of solid solutions between some organic salts has been reported; however, little effort has been made to elucidate the solid-solution behavior of tetraalkylammonium salts. For example, a solid solution between [N(CH 3 ) 4 ][MnCl 3 ] and [N(CH 3 ) 4 ][CuCl 3 ] was confirmed by dielectric measurements and displayed changes in the solid-solid phase transition temperature. 31 So far, no systematic and detailed information is available for the thermal and structural changes along with solid-solution formation, especially for plastic crystal phases. This is in contrast to the addition of an inorganic salt to organic salts (or organic plastic crystal) (e.g. Li[N(SO 2 CF 3 32 which is mainly carried out in order to introduce mobile ionic species to construct a battery system.
The present study reports the structural behavior of the plastic crystal phases of the [N 2222 6 ] binary system were pelletized into a disk (10 mm in diameter and ca. 1 mm in thickness) and treated at 473 K under vacuum for 24 h to ensure the mutual diffusion of ionic species, followed by equilibration at room temperature for at least three weeks.
Analysis
Differential scanning calorimetric analysis was performed under a dry Ar gas flow using a ThermoPlus EVO II DSC 8230 (Rigaku) instrument at a scanning rate of 5 K min À1 . The sample was sealed in an Al cell. Enthalpy changes were calculated by integrating the heat flow during each transition in the DSC curve and entropy changes were calculated by dividing the enthalpy changes by the transition temperature. The onset and final temperatures of each transition were determined using the tangent intersection method. Raman spectra were recorded on a Nanofinder 30 (Tokyo Instruments, Inc.) instrument using the 632.8 nm excitation line of a He-Ne laser. The Raman shift was calibrated by single-crystal Si. The samples for Raman spectroscopy were loaded in an Al cell and sealed in an air-tight temperature controlled unit THMS600 (Linkham Scientific Instruments) under dry Ar. Powder XRD patterns were recorded on an Ultima IV X-ray diffractometer (Rigaku Corp.) equipped with a D/teX Ultra silicon strip detector and graphite-monochromated Cu-Ka irradiation (1.5418 Å; 40 kV-40 mA), or a SmartLAb X-ray diffractometer (Rigaku Corp.) equipped with a D/teX Ultra 250 silicon strip detector and graphite-monochromated Cu-Ka irradiation (1.5418 Å; 40 kV-30 mA). The well-ground sample was spread on a Cu holder and placed in a temperature controlling apparatus. The measurement was performed under vacuum at a scanning rate of 0.11 min À1 . The obtained data were indexed using a DICVOL06 with zero-point correction. 33 Single-crystal XRD data were collected on an R-axis Rapid II diffractometer (Rigaku Corp.) equipped with an imaging plate area detector (using the program RAPIDXRD 2.3.3 34 6 ] were selected under a microscope and fixed in a glass capillary under a dry Ar atmosphere. Data collection consisted of 12 o scans (130-1901 and 51 frame À1 ) at fixed j (01) and w (451) angles and 32 o scans (0-1601 and 51 frame À1 ) at fixed j (1801) and w (451) angles with an exposure time of 600 s deg À1 . Integration, scaling, and absorption corrections were performed using RAPID AUTO 2.40. 35 The structure was solved using SIR-92 36 and refined using SHELXL-97 37 linked to Win-GX. 38 For the [N 2222 ][BF 4 ] 0.504 [PF 6 ] 0.496 structure, anisotropic displacement factors were introduced for all the atoms except hydrogen. Hydrogen atoms were determined using an appropriate riding model. Fig. S1 -S11, ESI, † for all the DSC curves). The corresponding DSC data are listed in Table 1 . The pelletized samples were pre-treated at 473 K and equilibrated at room temperature prior to use (see the Experimental section for details). The DSC scan consists of an initial heating process from room temperature to 473 K, a cooling process from 473 K to 203 K, followed by a second heating process from 203 K to 473 K. In most cases, the second heating scan was not reproducible due to the slow kinetics for the transition from the high-temperature phase to the low-temperature phase. 6 ] thermally decompose at 606 and 627 K along with melting. 30 Thermal analysis for the 1 : 1 compound showed little decrease in melting and decomposition occurs at the same time. 6 ]ss, one can note that disappearance (e.g. the peak at 13.91), fusion (the peaks in the range of 23-251), and shift (most peaks) occur along with the decrease in x([N 2222 ][PF 6 ]). Although the peak shift is explained by the substitution of the anion based on the difference in the radii of BF 4 À and PF 6 À , the disappearance/ fusion of peaks possibly arises from a change in the lattice symmetry. This point was further investigated by single-crystal XRD. 6 ] crystal belongs to the monoclinic space group C2/c in the temperature range of 100-220 K according to a previous report. 41 Single-crystal XRD in this study confirmed that the space group of [N 2222 ][PF 6 ] does not change even at 298 K (summarized in Table S1, ESI †) although complete structure refinement was difficult for the data at 298 K due to the high disorder of PF 6 À . and octahedral PF 6 À (see Fig. 4 (a) for the packing diagram)
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where B and P atoms are located at the same position and F atoms in BF 4 À and PF 6 À (F B and F P ) are determined in the tetrahedral and octahedral manners ( Fig. 4(b) ). This disorder leads to the formation of a solid solution phase with high symmetry. It should be noted that the large displacement factors for F atoms in the anions imply the potential disordering of the anions. 6 ]) = 0.5 from 298 K to 373 K. The tetragonal phase observed at 298 K and 313 K disappears at 348 K and another phase appears at 333 K. This structural change agrees with the DSC analysis, and a similar behavior was observed at all ratios (see Fig. S13 -S22, ESI, † for the other ratios). Fig. 6(a) Table S2 , ESI, † for the XRD data with indices and lattice parameters). This relation is simply expressed by the following linear equation: 6 ]) and y denotes the lattice parameter a (in Å), suggesting that Vegard's law is applicable to this solid solution system. 44, 45 The optimized b and c parameters are 0.409 and 10.9, respectively. To our knowledge, there is no Fig. 4 (a) The packing diagram at the 30% probability level and (b) disordering of the anion for the [N 2222 ][BF 4 ] 0.504 [PF 6 ] 0.496 structure determined at 223 K. The labels, F P and F B , denote the F atoms in PF 6 À and BF 4 À , respectively (P-F P , 1.531(4)-1.536(8) Å; B-F B , 1.365(8) Å; cis-F P -P-F P , 89.9(1)-90.1(1); trans-F P -P-F P , 179.8(3)-180; F B -B-F B , 105.4(12)-111.6(6)). Hydrogen atoms are omitted for clarity. discussion about the validity of Vegard's law for organic plastic crystals in previous works.
The reverse transition (plastic crystal to crystal) was monitored by XRD measurements. The sample at x([N 2222 ][PF 6 ]) = 0.5 was first kept at 473 K for 24 h and then at 298 K for 3 weeks. During the aging at 298 K, XRD patterns were occasionally recorded (1 d, 3 d, 1 week, 2 weeks, and 3 weeks), which revealed (Fig. S23 , ESI †) that the plastic crystal phase exists after 2 weeks and disappears after 3 weeks. However, the reproducibility of this transition was not very high and it is likely influenced by external conditions such as temperature fluctuations, container materials, and probably physical shock. The DSC analysis showed that this transition occurs more easily at low temperatures (Fig. S6, ESI †) .
Raman spectra of the crystal and plastic crystal phases
The crystal to plastic crystal transition was also detected by the changes in the vibrational modes. Fig. 7 6 ]) = 0, 0.5, and 1.0) in the temperature range of 298-373 K (see Fig. S24-S29 , ESI, † for the wider wavenumber range). Spectra in the ranges of 640-680 and 730-770 cm À1 are shown here; the former region contains the peak from the symmetric stretching mode of the cation (n 1 (NC 4 )) and the latter displays the symmetric stretching modes of the anions (n 1 (BF 4 À ) and n 1 (PF 6 À )) 46 (see Tables S2-S7 , ESI, † for the spectral data).
Two stable conformers, the trans-trans (TT-, D 2d symmetry) and trans-gauche (TG-, S 4 symmetry) conformers, are known for N 2222 + . 10, 47, 48 The n 1 (NC 4 ) modes of these two conformers exhibit slightly different frequencies ( Fig. 7(a)-(c) ), with the TT-conformer having a lower frequency than the TG-conformer.
For both the single salts, the peak shift of the n 1 (NC 4 ) mode along with the solid-solid transition agrees with those in previous works; 10, 15, 29, 34, 35 6 ] at 373 K) assigned to the TT-conformer appears above the transition temperature, suggesting that the TT-conformer is dominant in the plastic crystal phase. The temperature at which the TT-conformer appears decreases when the two salts are mixed and the spectrum at 313 K includes the peak from the TT-conformer, although the TG-conformer is still dominant at this temperature. This trend matches the transition observed in the DSC analysis above. The shift of the n 1 (BF 4 À ) and n 1 (PF 6 À ) modes occurs at the same temperature for the n 1 (NC 4 ) mode ( Fig. 7(d)-(f ) ). For the single salts, their frequencies at 298 K (764.7 cm À1 for n 1 (BF 4 À ) and 741.5 cm À1 for n 1 (PF 6 À )) shift to the lower frequency at 348 K (762.5 cm À1 for n 1 (BF 4 À ) and 740.0 cm À1 for n 1 (PF 6 À ) 6 ]) = 0.5 exhibits a sign of the phase transition at 333 K and the complete shift is confirmed at 348 K. The full width at half maximum (FWHM) values of the n 1 (BF 4 À ) and n 1 (PF 6 À ) modes at 373 K are larger than those at 298 K (1.4 and 1.3 cm À1 at 373 and 298 K, respectively, for n 1 (BF 4 À ) and 1.9 and 1.7 cm À1 at 373 and 298 K, respectively, for n 1 (PF 6 À ) at x([N 2222 ][PF 6 ]) = 0.5), suggesting that the orientational disorder is accelerated at high temperatures.
Phase diagram Fig. 8 6 ] single salts appear in the crystal phase, whereas the plastic crystal phase belongs to the rock-salt-type structure at any ratio. The lattice parameter a of the rock-salt-type structure increases upon increasing the [N 2222 ][PF 6 ] ratio, in accordance with Vegard's law. In the crystal phase, two solid solution phases based on the structures of the single salts are observed. The change in the transition temperature was also confirmed by the shift of the n 1 (NC 4 ), n 1 (BF 4 À ), and n 1 (PF 6 À ) modes in Raman spectra.
Although the present study showed only the fundamental aspects of the thermal and structural properties of the [N 2222 ][BF 4 ]-[N 2222 ][PF 6 ] binary system, the formation of a solid-solution in the plastic crystal phase was clearly shown here. This may lead to a new strategy in the design of plastic crystal electrolytes in terms of extension of the temperature range and expansion of the crystal lattice. Other binary systems between two tetraalkylammonium salts with different cations (cation mixing) could prove interesting. 
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